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Abstract To examine the effect of gravity on lignin content 
and deposition in plant cells, we used ultraviolet (UV) 
microspectrophotometry and chemical methods to investi¬ 
gate the secondary xylem of Primus jamasakura grown on 
a three-dimensional (3D) clinostat, which simulates 
microgravity. The stem of the 3D-clinostat specimens elon¬ 
gated with bending and the width of their secondary phloem 
increased. The UV absorbance of the 3D-clinostat speci¬ 
mens at 278 nm was higher than that of the control speci¬ 
mens, which were grown on the ground, in the wood fiber 
cell corner middle lamella, compound middle lamella, and 
fiber secondary wall; the UV absorbance in the vessel sec¬ 
ondary wall did not differ between the specimens. The lig¬ 
nin content in the stem, including the bark, of the 
3D-clinostat specimens, as determined using an acetyl bro¬ 
mide method, was less than that of the control specimens. In 
the specimens that differentiated on a 3D clinostat, the 
amount of lignin in the wood fibers increased, while the 
proportion of the lignified xylem in the stem decreased 
relative to control values. 

Key words 3D-clinostat ■ Lignin distribution ■ UV micro¬ 
spectrophotometry ■ Microgravity 


Introduction 

Lignin is one of the major components of the plant cell wall; 
it hardens the cell wall by cementing wood fibers together. 
Lignin deposition starts in the cell corner middle lamella 
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(CCML). After the middle layer of the secondary wall (SW) 
begins to thicken, lignin deposition spreads to the 
compound middle lamella (CML) and the SW. The lignin 
concentration is high in the CML and low in the SW. 
The amount of lignin changes in hypergravity and 
microgravity environments. The amount of lignin in the 
hypocotyls of cress grown under hypergravity increases, 1 
while it decreases in plants grown under microgravity 
(in space). 2 

Lignin in the fiber secondary wall (FSW) affects its me¬ 
chanical function of supporting the plant body. 3 Lignin is 
embedded in a polysaccharide matrix, giving rigidity and 
cohesiveness to wood tissue as a whole. 3 Lignin in the FSW 
provides rigidity, while lignin in the CML and CCML gives 
cohesiveness to wood tissue. Consequently, we expect that 
differences in the cell wall lignin of specimens that differen¬ 
tiate in different gravity environments would arise mainly in 
the FSW. To examine this, we investigated the secondary 
xylem of plants that differentiated in a three-dimensional 
(3D) clinostat, which simulates microgravity. 

A 3D clinostat has two rotation axes placed at right 
angles. Rotation is achieved using two computer-controlled 
motors and is monitored by encoders attached to the mo¬ 
tors. Rotating plants in three dimensions at random rates on 
a 3D clinostat alters the effect of gravity on morphogenesis, 
making a 3D clinostat a valuable device for simulating 
weightlessness. 4 Only a few studies have examined woody 
plants that have differentiated on a 3D clinostat. Nakamura 
et al. 5 found that in 3D-clinostat specimens of Prunus 
jamasakura , the stems were longer, the secondary xylem 
was thinner, the vessels were denser, and the microfibril 
angle was greater, and the stem elongated with bending, 
which are traits that have also been observed in plants 
grown in space. 2 

This study analyzed the lignin in the stem and the 
microdistribution of lignin in the cell walls of Prunus 
jamasakura that differentiated on a 3D clinostat and on the 
ground. Acetyl bromide digestion, thioacidolysis, and ultra¬ 
violet (UV) microspectrophotometry were used to charac¬ 
terize the lignin in the wood liber CCML, CML, FSW, and 
vessel secondary wall (VSW). 
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Fig. 1 . Measuring the bending rigidity using cantilever beam theory. 
The distance from the fixing point to the loading point (/) was 10 mm. 
The loaded value ( W ) and displacement (y) at the loading point were 
measured under the proportional limit 


Materials and methods 

Plant materials 

Two Primus jamasakura Siebold ex Koidz. seedlings were 
germinated and grown on a 3D clinostat for 1 month, and 
two seedlings were germinated in the ground in a growth 
cabinet with automatically controlled temperature and hu¬ 
midity (temperature 22° ± 1°C; humidity 70% ± 5%). The 
light period was set at 12.5 h of light and 11.5 h of darkness, 
with a light flux of about 70/<molmm 7 s '. For more details, 
see Nakamura et al. 5 

True compensation for the effect of the gravity vector 
can be achieved with the 3D clinostat when the rotation 
rates of the two motors are changed randomly at regular 
intervals, from 1 to —1 (reverse direction) rpm every 30 or 
60s. 4 


Bending test 


The bending rigidity at the basal internode of the stem was 
determined using cantilever beam theory after the 1-month 
growth period (Fig. 1). The distance from the fixation point 
to the loading point (/) was 10 mm. The loaded value ( W ) 
and displacement (y) at the loading point were measured 
under the proportional limit. The bending rigidity (El) was 
calculated using the formula: 


V = - W 

3 El 


where E is the modulus of longitudinal elasticity, and I is the 
moment of inertia of area. 


Improved acetyl bromide method 

The 3D-clinostat and control stems, including bark, were 
dried at 105°C and cut into approximately 60-mesh pieces. 
Samples (10mg each) were placed in four glass reaction 


bottles (35 ml) with 25% (w/w) acetyl bromide in acetic acid 
(10ml) and perchloric acid (70%, 0.4ml). The bottles were 
sealed with polytetrafluoroethylene-coated silicone caps, 
placed in an oven at 70° ± 0.2°C for 30-120 min, and shaken 
gently at 10-min intervals. After digestion, the solution was 
transferred to a 100-ml volumetric flask containing 2M so¬ 
dium hydroxide (20ml). The sample bottle was rinsed, and 
the solution was diluted to 100 ml with acetic acid. The UV 
absorption spectrum of the solution was measured by UV 
spectrophotometry against a blank solution, which was run 
in conjunction with the sample. The lignin content was de¬ 
termined by measuring the absorbance at 280 nm and using 
a lignin absorptivity of 20.0cnT 1 lg~ 1 . 6 


Thioacidolysis of lignin 

Thioacidolysis was carried using the method of Rolando 
et al. 7 with some modifications. A mixture of dioxane and 
ethanethiol (5ml, 8.75:1, v/v) containing 0.2M boron 
trifluoride etherate was added to the wood meal (5 mg) in a 
test tube with a screw cap; 0.5 mg of n-docosane dissolved in 
dioxane was added as an internal standard. The test tube 
was sealed with a Teflon-lined screw cap. After heating at 
100°C for 4h, with occasional stirring, the reaction mixture 
was cooled, and the pFl of the mixture was adjusted to 3-4 
with aqueous 0.4M sodium hydrogen carbonate. The whole 
mixture was extracted with dichloromethane (3 X 5ml). 
The combined organic layers were concentrated by evapo¬ 
ration at 40°C after drying with anhydrous sodium sulfate. 
Part of the condensed solution was trimethylsilylated 
at room temperature with 30/d of N, (9-bis(trimeth yIsi 1 vI) 
trifluoroacetamide (BSTFA) and 3 mI of pyridine. The 
silylated derivatives were subjected to gas chromatography 
(GC) analysis on a GC353 system (GL Sciences, Tokyo, 
Japan) attached to a flame ionization detector (280°C), a 
solvent cut-injector (250°C), and a fused silica capillary 
column (TCI, 60m X 0.25 mm i.d.). The carrier gas was 
nitrogen and the temperature was programmed to increase 
at 2°C/min from 180°C to 280°C, where it was held for 
20 min. The degraded products were quantified using the 
value of 1.5 as a response factor. 


Microscopy 

Five-millimeter-long segments were obtained from the 
basal internode, fixed with 3% glutaraldehyde, and were 
embedded in epoxy resin. 

For light microscopy, 2 -Min- thick cross sections were cut 
with a glass knife and stained with 3% toluidine blue in 
water for lh. After staining, the cross sections were 
mounted on glass slides with Entellan (Merck, Germany) as 
the mounting medium and covered with micro coverslips. 
The thin sections were observed using light microscopy 
(Axiophot-2, Zeiss). The radial and tangential diameters 
and the thickness of at least 20 different wood fibers and 
vessels were measured with an image analyzer with an accu¬ 
racy of 0.25/<m (KS-400, Zeiss). Extremely small wood 
fibers and vessels were excluded from the measurements. 
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The thickness of the wood fiber cell walls was measured at 
the midpoint. 

For UV microscopy, 1-urn-thick cross sections were cut 
with a glass knife, mounted on quartz microscope slides, 
immersed under a drop of non-UV-absorbing glycerin, 
and covered with a quartz coverslip. The thin sections 
were observed under a microspectrophotometer (MPM800, 
Zeiss). UV absorption spectra of the mature wood fiber 
CCML, CML, FSW, and VSW were obtained for wave¬ 
lengths of 250-350 nm using the smallest measuring spot 
available with the microspectrophotometer (0.5 m m diam¬ 
eter). Measurements were made for at least 50 different 
positions and averaged to determine the UV absorption 
spectra. The microspectrophotometer settings were: objec¬ 
tive lens magnification: X100, program: Lambdascan, band¬ 
width: lnm, scan step: lnm, and number of scans: 45. The 
thickness of each thin section was measured with an accu¬ 
racy of 0.01/<m using a universal surface shape profiler 
(SE-3E, Kosaka), in order to select sections with uni¬ 
form thickness and to correct the UV absorption spectra. 8 
For more details, see Scott and Goring 9 and Gindl and 
Okuyama. 10 

To estimate the changes in the ratio of syringyl lignin (S) 
to guaiacyl lignin (G) (S/G ratio) in the FSW, CML, CCML, 
and VSW of specimens, the ratios of the absorption at 
280 nm to that at 273 nm (A 2S0 /A 273 ) and the absorption at 
280nm to that at 260nm (A 280 /A 260 ), as well as the absorp¬ 
tion maxima (A mra ), were calculated for the 3D-clinostat and 
control specimens. 11-16 


Results 

Plant appearance and bending rigidity 

The stems of the 3D-clinostat specimens elongated with 
bending, while the stems of the controls remained straight. 
The stems of the 3D-clinostat specimens were longer than 
those of the controls (121 and 132mm vs 107 and 132mm, 
respectively). The diameters of the 3D-clinostat specimens 
were larger than those of the controls (1.6 and 1.3 mm vs 
1.25 and 1.25mm, respectively). The bending rigidities of 
the 3D-clinostat specimens were greater than those of the 
controls (7.3 X 10 3 and 4.2 X 10 3 gmnr vs 3.0 X 10 3 and 2.7 
X 10 3 gmm 2 , respectively). These results indicate that the 
3D-clinostat specimens were more difficult to bend. 

Lignin in the stem 

The average lignin content of the 3D-clinostat specimen 
was less than that of the controls (6.28% ± 0.61% vs 
7.98% ± 0.27%, respectively; n = 4; P < 0.01). The S/G 
ratio determined by thioacidolysis did not differ 
significantly between the 3D-clinostat (1.87) and control 
specimens (1.88). 



Fig. 2. Light micrographs of cross-sections of the 3D-clinostat speci¬ 
men (a) and the control specimen (b). Bars 100,um 


Light microscopy 

Eccentric growth was not observed in the 3D-clinostat or 
control specimens. Figure 2 shows light micrographs of 
cross sections of the 3D-clinostat (a) and control (b) speci¬ 
mens. The bark of the 3D-clinostat specimens was slightly 
thicker than that of the controls (220 ± 30/rm vs 170 ± 
22//m, respectively; P = 0.32). The secondary xylem, ex¬ 
cluding the pith, of the 3D-clinostat and control specimens 
had roughly the same width (280 ± 9/rm vs 280 ± 23/tm, 
respectively; P = 0.97). The vessels were denser in the 
secondary xylem of the 3D-clinostat specimens than in the 
controls (490 ± 7/mm 2 vs 410 ± 11/mm 2 , respectively; P < 
0.01). The diameter of the wood fibers and wood fiber cell 
wall thickness of the 3D-clinostat specimens were larger 
than those of controls (Table 1). The vessel diameters and 
vessel cell wall thicknesses of the 3D-clinostat and control 
specimens did not differ. 

UV microscopy 

Figure 3 shows UV micrographs and absorption profiles 
across the cell walls of wood fibers of the 3D-clinostat (a) 
and control (b) specimens at a wavelength of 278 nm. The 
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Table 1. The radial and tangential diameters and thickness of wood fibers, and the vessel diameter and thickness 



Diameter («m) 



Thickness (/im) 




Radial** 

Tangential** 

Vessel” 

Radial* 

Tangential*** 

Vessel” 

3D clinostat 

9.1 (0.8) 

11.5 (1.0) 

15.5 (2.4) 

2.0 (0.2) 

2.2 (0.2) 

0.8 (0.2) 

Control 

8.6 (0.8) 

11.0 (0.8) 

14.7 (2.6) 

1.9 (0.2) 

2.0 (0.2) 

0.8 (0.1) 


All values are expressed as the mean (standard deviation) of two individuals 
*P < 0.05, **P < 0.01, ***P < 0.001 
“Not significant by the f-test 


Fig. 3. Ultraviolet (UV) micrographs of cross- 
sectionalprofiles and absorption profiles across 
the cell walls of wood fibers at 278 nm for the 3D- 
clinostat specimen (a) and the control specimen 
(b). The dotted lines indicate the positions of the 
absorption profiles. The radial direction is verti¬ 
cal. Bars 5^m 



UV absorbance was high in the CCML and CML and low in 
the FSW. The UV absorbance of the FSW indicated that it 
was not a gelatinous layer. 

The UV absorbance of the 3D-clinostat specimens was 
higher than that of the control specimens in every part. In 
the FSW of the 3D-clinostat specimens, the outer layer had 
a higher UV absorbance than the inner layer. Nevertheless, 
in the line scan measurement of the 3D-clinostat specimens, 
the higher UV absorbance of the outer layer and the lower 
UV absorbance of the inner layer were not confirmed. 
Moreover, the UV absorption spectra of the outer and in¬ 
ner layers of the FSW did not differ significantly, so that in 
Fig. 4, the UV absorption in the center of the FSW is shown. 

The UV absorbance was highest in the CCML and de¬ 
creased in the CML and FSW, in that order (Fig. 4). The 
absorbance of the wood libers of the 3D-clinostat specimens 


was higher than that of the controls at all spots measured, 
while the absorbance of the VSW did not differ between the 
specimens. 

For the 3D-clinostat specimens, the average UV absor¬ 
bance at 278 nm was 1.1 times the control value in the FSW 
(P < 0.01), 1.4 times the control value in the CML (P < 
0.01), and 1.2 times the control value in the CCML (P < 
0.05) (Table 2). The absorption maxima (A max ) of the 3D- 
clinostat and the control specimens ranged from 277 to 
279 nm. While the A max of the CCML, FSW, and VSW did 
not differ significantly between the specimens, the A max of 
the CML was shifted to a wavelength that was 2 nm longer 
in the 3D-clinostat specimens relative to the control speci¬ 
mens (P < 0.05). 

The A 2g0 /A 273 and A 2g0 /A 260 absorbance ratios are tabu¬ 
lated in Table 3. Neither ratio differed significantly in the 
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Table 2. Absorbance at 278 nm and absorption maxima (X max ) in regions of the cell walls of wood fibers and vessels of 3D-clinostat and control 
samples 



Absorbance 




^max (nm) 





CCML* 

CML** 

FSW** 

VSW“ 

CCML“ 

CML** 

FSW“ 

VSW" 

3D clinostat 

0.61 (0.06) 

0.52 (0.05) 

0.13 (0.01) 

0.34 (0.02) 

278 (1.3) 

279 (0.5) 

279 (1.2) 

278 (0.3) 

Control 

0.53 (0.06) 

0.37 (0.01) 

0.11 (0.01) 

0.34 (0.02) 

278 (0.8) 

277 (1.1) 

279 (1.5) 

279 (0.3) 


All values are expressed as the mean (standard deviation) of two individuals 

CCML, wood fiber cell comer middle lamella; CML, wood fiber compound middle lamella; FSW, wood fiber secondary wall; VSW, vessel 

secondary wall 

*P < 0.05, **P < 0.01 

“Not significant by f-test 


Table 3. Ratios of the absorbance at 280nm to that at 273nm (A 280 /A 273 ) and the absorbance at 280nm to that at 260nm (A 280 /A 2(SO ) 



-A-28(/-A-273 




A-28(/A260 





CCML" 

CML“ 

FSW“ 

VSW" 

CCML" 

CML" 

FSW" 

VSW“ 

3D clinostat 

1.04 (0.02) 

1.04 (0.03) 

1.03 (0.03) 

1.04 (0.002) 

1.29 (0.11) 

1.22 (0.03) 

1.23 (0.06) 

1.25 (0.03) 

Control 

1.03 (0.03) 

1.03 (0.01) 

1.06 (0.02) 

1.03 (0.002) 

1.21 (0.06) 

1.24 (0.03) 

1.24 (0.06) 

1.26 (0.02) 


All values are expressed as the mean (standard deviation) of two individuals 
“Not significant by the f-test 



Wavelength (nm) Wavelength (nm) 

Fig. 4. UV absorption spectra of the cell corner middle lamella 
(CCML), compound middle lamella (CML), and secondary wall of 
wood fibers (FSW), and the vessel secondary wall (VSW) in the 
3D-clinostat specimen (a) and the control specimen (b) 


FSW, CML, CCML, or VSW between the 3D-clinostat and 
the control specimens. 


Discussion 

Comparison with previous studies 

A 3D clinostat is a valuable device for simulating weight¬ 
lessness. 4 When a plant is grown in a 3D clinostat, the grav¬ 
ity vector can cause changes in plant formation similar to 
those seen in plants grown under microgravity in space. 
However, some divergent results have been reported. 17 
This might be because the effect of simulating microgravity 
using clinostats depends on the rotation frequency of 
the clinostat; the size, mass, and density of the gravity- 
susceptible organelles; and the viscosity and density of the 
medium surrounding the organelles. 4 

Our finding that the stems were longer and bent and the 
vessels were denser in 3D-clinostat specimens when com¬ 
pared with controls matched the findings of Nakamura et 
al. 5 The vessels of the 3D-clinostat specimens give prefer¬ 
ence to water transport over mechanical function under 
simulated microgravity conditions. Our finding that the 
width of the secondary xylem of 3D-clinostat specimens 
equaled that of the controls counters the finding of 
Nakamura et al. 5 that the xylem was thinner in 3D-clinostat 
specimens. Because only a few studies have examined 
woody plants, the graviresponse of woody plants grown on 
a 3D clinostat is still unclear. Our specimens were older 
than the previously studied specimens. The seedlings grew 
in the presence of a gravitational force oriented in random 
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directions on the 3D clinostat; consequently, the stem bent 
and various stresses were generated. These factors will in¬ 
fluence secondary xylem differentiation. 

Lignin 

The lignin content of the stem, including bark, in the 
3D-clinostat specimens decreased. This concurs with micro¬ 
gravity experiments in space. 2 In the 3D-clinostat speci¬ 
mens, the stem diameter and bark width were larger than in 
the controls, while the xylem width was the same as in the 
controls. Therefore, the proportion of xylem in the stem 
decreased in 3D-clinostat specimens. This suggests that 
there might be a consequent decrease in the lignin content 
of the stem. 

We focused on the lignin distribution in the cell walls of 
the secondary xylem and the lignin content of the specimens 
that differentiated on the 3D clinostat. Lignin in the 
CCML and CML serves to cement cells together. The FSW 
makes the dominant contribution to the mechanical proper¬ 
ties of the cell wall 3,18 and is essential for supporting the 
plant body. 

Increasing UV absorption suggests increasing lignin 
content, assuming the same S/G ratio. 11,111-21 Because UV 
micrographs show reflected UV light, dark regions indicate 
areas of strong UV absorption. The 3D-clinostat specimens 
showed a higher lignin content than did the control speci¬ 
mens in the FSW, CML, and CCML, while the lignin con¬ 
tents in the VSW were approximately the same; the S/G 
ratio was the same in the 3D-clinostat specimens and the 
controls, as shown below. 

The UV absorption of hardwood lignin in the 280-nm 
region depends on the ratio of syringyl propane (S) units to 
guaiacyl propane (G) units, but the ratio is not effective for 
quantifying hardwood lignin. The accurate measurement of 
the S/G ratio using UV spectroscopy is difficult because the 
A max values of the S and G units are similar (270 vs 280 nm, 
respectively). Moreover, S and G lignins have different UV 
absorptivity. However, changes in the S/G ratio can be esti¬ 
mated from the UV absorption spectra. 11-16 The S/G ratio 
increases as the 2 max of the spectrum decreases from 
280 nm. 11,14 Decreases in the A 280 /A 273 and A 280 /A 260 ratios 
correspond to increases in the S/G ratio. 11-13 In our study, 
the 2 max of the CML shifted to a longer wavelength by 2nm 
in the 3D-clinostat specimens, but there were no other 
changes in 2 max , A 280 /A 273 , or A 280 /A 260 in the FSW, CML, 
CCML, or VSW. In addition, the S/G ratio in the stem that 
was estimated using thioacidolysis was the same. The S/G 
ratio is unlikely to be changed at any of the measured spots 
in the 3D-clinostat specimens. 

This study indicated that lignin in wood fibers increased 
in 3D-clinostat specimens, while the proportion of the ligni- 
fied xylem decreased. 

Effect of 3D clinostat conditions on tree growth 

The 3D-clinostat specimens were more difficult to bend 
than were the control specimens. The specimens on the 3D 


clinostat were rotated in three dimensions, so that the 
gravity vector changed throughout the period of growth. 
The stem always bent, and bending stress was generated in 
it. The stimuli due to deflection and stress will increase the 
bending rigidity of the 3D-clinostat specimens by inducing 
increased lignin content, increased cell wall thickness, and 
increased basal internode diameter. 

With trunk inclination, when the gravity vector shifts 
from being directed vertically downward, tension wood is 
formed in order to maintain posture. 22 In tension wood, the 
lignin content of the FSW decreases and a gelatinous layer 
often develops. As the 3D-clinostat specimens grew while 
rotating in three dimensions, they were usually inclined 
from the vertical during growth. However, there was no 
tension wood or eccentric growth in the 3D-clinostat speci¬ 
mens. This is because in order to develop tension wood, the 
gravity vector must shift from the vertical and the condition 
must be maintained for a certain period. 

A recent study 23 found a disordered arrangement of the 
cells in the secondary xylem and undeveloped secondary 
cell wall of the bast fiber in the secondary phloem. The 
differentiation and development of the secondary xylem 
and the secondary phloem will be controlled by terrestrial 
gravity. In our study, changes in the lignin distribution in 
mature secondary xylem was investigated. Further study 
will observe the differentiation and development of the cell 
wall of the secondary xylem. 

Trees have not been sent on spaceflights, so it is not 
known whether the results of our 3D-clinostat study are 
similar to those that would occur in space. Nevertheless, this 
study found that gravity has an effect on morphogenesis and 
cell wall differentiation. 
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